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Abstract　The demand for global fisheries protein source continues to increase with the increase 
of the world s̓ population, causing decrease of natural fishery resources due to the overfishing and 
the degradation of habitats. Under these circumstances, the fisheries industry for marine products 
has rapidly grown in recent decades to promote the stable production and utilization of fishery 
resources while managing and conserving them. Mass cultivation of microalgae is essential for 
efficient production of artificial seedlings of bivalves whose resources are rapidly decreasing. 
Diatoms can provide high utility as a primary feed because they contain a high content of fucox-
anthin, a carotenoid pigment. The marine diatom, Chaetoceros gracilis which can accumulate 
fucoxanthin, is a promising feed for fishery products. However, marine diatoms are known as a 
taxonomic group in which stable cultivation is difficult, and it is necessary to establish a cultiva-
tion method that enables high-density cultivation.
In previous studies, the factors involved in the growth of marine diatoms have been investi-
gated by controlling the external environment such as light intensity, water temperature and nu-
trient concentration. However, the establishment of high-density cultivation for marine diatoms 
under each optimal environmental condition has still not been achieved. A problematic point in 
the high-density cultivation involves the heterogeneity of the light intensity, water temperature, 
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and nutrient concentration in the culture tank, which limits the growth of algae.  Previous stud-
ies have reported that “agitation” of the culture solution has the effect of promoting the supply of 
CO2, as a carbon source, and the removal of dissolved oxygen by equalizing the internal envi-
ronment of the culture tank, and is essential to improve the productivity of microalgae. However, 
the performance of using the agitation method remain to be solved in mass culture operation. 
Intermittent agitation frequency is one of the solutions for low-energy cost operation. There is 
no previous research comparing biomass productivity per unit of agitation energy input between 
the same species using both continuous and intermittent agitation methods. The objective of this 
study was to evaluate the productivity per aeration energy under different agitation frequencies 
toward high-density cultivation of marine diatom C. gracilis.
C. gracilis (UPMC-A0010-2) isolated from Malaysian coastal waters was semi-continuously 
cultured using modified Conway medium in 1.2-L bubble column reactors (n=2). The culture was 
conducted under stable light intensity 300 µmol m-2 s-1 (12 hours cycle of light and dark) and tem-
perature (25oC). The dilution rates were adjusted at 0.3 d-1. The aeration rate in each reactor was 
set to 0.2 L min-1 (2% CO2), and aeration frequency was set to the following three conditions: (1) 
continuous agitation condition, (2) intermittent agitation condition once 9 every minutes, and (3) 
intermittent agitation condition once 18 every minutes. The cultivation period was a stationary 
phase of the biomass for up to 5 days, and the absorbance (750 nm) and pH of the culture, and the 
dry weight were measured. 
The biomass productivity per algal volume was equivalent to that under continuous agitation 
conditions even with relatively high frequency of intermittent agitation once 9 every minutes. 
This may be caused by the high light utilization efficiency of the cells because the cells in the 
culture are distributed on an average without sedimentation even after the aeration pause period 
without agitation. The biomass productivity per unit of agitation energy input in the intermittent 
agitation conditions showed a higher value than the continuous agitation condition by several 
times. Intermittent agitation performance can be evaluated as an environmental control technol-
ogy that can maintain biomass productivity equivalent to continuous agitation conditions. The 
reduction of energy consumption by intermittent agitation is expected to significantly contribute 
to the reduction of operating costs for outdoor closed-system reactors.












類の大量生産が不可欠である（Su et al. 1997, Dueer 
et al.1998, 生田 2001）。餌料用の微細藻類の中でも、
特に、珪藻類はカロテノイド系色素であるフコキサンチ
ンを多く含有する（Peng et al. 2011, Tokushima et al. 
2016）ことから、初期餌料としての利用価値が高いこ
とで知られる。フコキサンチンは、抗酸化作用、抗肥
満作用、白血病細胞の増殖抑制効果（Ganesan et al. 
2011, Peng et al. 2011）が知られ、サプリメントや健康
食品としての利用が期待される。特に、Chaetoceros 





ラの 2 種に限定され（Lee 1997, Kitto et al. 1999, 丸


















効果があることが報告され（Carvalho et al. 2006, Le-
upold et al. 2013a）、微細藻類の生産性向上に不可
欠である。しかし、撹拌にかかるエネルギーは、微
細藻類バイオマスの生産コストの 40% 以上を占めると







拌により得られた Chlorella sp. の生産性は 0.12 dry g 
W-1 d-1 から 0.16 dry g W-1 d-1（Tang et al. 2011, Ryu et 
al. 2009）の範囲であったのに対し、間欠撹拌を用い
た C. vulgaris や C. lessileri の培養では、それぞれ











etoceros gracilis （UPMC-A0010-2） を利用した。本
株を実験に供試するまで、改変 Conway 培地（Tomp-
kins et al. 1995）を用いて下記の条件下で馴致培養を
行った。本実験では、バブルカラムリアクター（有効
容積 1.2 L）を 2 連準備し、水温 25°C、光強度 300 






日交換する培地の割合）は 0.3 d-1 とした。培養初期の
pHは8.2に調整した。各リアクター内の曝気速度は0.2 
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L min-1（2% CO2 添加）に統一し、曝気撹拌の頻度を
以下の 3 条件とした：（1）連続曝気撹拌（24 時間連続




pH を 24 時間毎に測定した。供試株の乾燥重量（DW）
は、前実験により算出した吸光度と乾燥重量の関係式
（DW = 0.4127 ×吸光度 +0.0318）を用いて、吸光度の
測定値から算出した。






エネルギー投入量 EG（W m-3）を算出した（Ketheesan 
& Nirmalakhandan 2012）：







量 EL（W m-3）は、以下の式を用いて算出した（Ketheesan 
& Nirmalakhandan 2012）：
 　　　  　　 　 　　 　 　   　  （2）
　




用いて、投入エネルギーあたり生産性 PB/P（g W-1 d-1）


















似した変動を示した（Fig. 1b）。培養 5 日目および 18 日
目には pH は 9.5 付近まで増加したため、トリシンを添
加したところ、培養 24 日目にかけてpH 7.5 まで急激
に減少した。そこで、炭酸水素ナトリウムの供給量を
規定量よりも減らしたところ、培養終盤の 50 日目以降






ら 63 日目の期間において、連続撹拌条件で平均 0.087
± 0.005 g-DW L-1 d-1、9 分間に 1 分間の間欠撹拌条件
で 0.086 ± 0.006 g-DW L-1 d-1、18 分間に 1 分間の間欠




   　　  　　　　　　
Figure 1. Changes in absorbance at 750 nm (a), pH (b), and dry weight (c) in each agitation frequency 
condition. The agitation frequencies were as follows: ■ continuous agitation condition, △ intermittent 
agitation condition once every 9 minutes, and ◆ intermittent agitation condition once every 18 minutes.
Each plot is expressed as mean ± standard deviation.
曝気エネルギーあたり生産性は、連続撹拌条件で
0.410 ± 0.024 g-DW W-1 d-1、9 分間に 1 分間の間欠撹
拌条件で 3.883 ± 0.303 g-DW W-1 d-1、18 分間に 1 分




（PB/P）は、連続撹拌条件で 0.124 ± 0.000 g-DW m-2 
d-1、9 分間に 1 分間の間欠撹拌条件で 0.122 ± 0.006 
g-DW m-3 d-1、18 分間に 1 分間の間欠撹拌条件で 0.105
± 0.004 g-DW m-3 d-1 を示し、光照射によるエネルギー
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Figure 2. Biomass productivity per unit algal volume in each agitation frequency condition. Each bar is 























   　　　　　  　　　
Figure 3.  Biomass productivity per unit aeration energy input in each agitation frequency condition. 
Each bar is expressed as means ± standard deviation (n=6).
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Figure 4.  Biomass productivity per unit power input in each agitation frequency condition. Each bar is 
expressed as means ± standard deviation (n=6).
Table 1. Comparison in biomass productivity per unit algal volume and unit power input of various mi-
croalgae in a different agitation condition.
   　　  　  　　





































曝気撹拌および間欠曝気撹拌による C. gracilis の半連
続培養を行い、間欠曝気攪拌条件において高い曝気
エネルギーあたり生産性が得られた。緑藻類を供試し
た様 な々先行研究によると（Morais & Costa 2007, Chiu 
et al. 2009a, Chiu et al. 2009b, Hsueh et al. 2009, Ryu et 
al. 2009, Tang et al. 2011, Eustance et al. 2015）、間欠
撹拌では連続撹拌に比べ、投入エネルギーあたり生産
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